Glass science and technology has been fundamentally important to the development of glasses and glass-ceramics over decades. The kinetics and thermodynamics of nucleation are described by several theories including the classical nucleation theory (CNT) and Johnson--Mehl--Avrami--Kolmogorov (JMAK) theory[@b1]. Traditionally, thermoanalytic techniques, such as differential scanning calorimetry (DSC) or differential thermal analysis (DTA), have been used to study the non-isothermal crystallization kinetics[@b2][@b3][@b4]. Recently, we have successfully applied the state-of-the-art synchrotron radiation to study the mechanism, kinetics and crystallographic change during the crystallization of lithium disilicate glasses[@b5][@b6][@b7].

It has been well known that there are three types of reaction sequence occurring in the fabrication of lithium disilicate glass-ceramics, depending on glass composition[@b5]. One (type I) is the simultaneous nucleation of lithium metasilicate (LS) and lithium disilicate (LS~2~) phases, followed by the transformation of LS to LS~2~[@b7][@b8][@b9]. In the second type (type II), LS nucleates first and then transforms to LS~2~ at a higher temperature[@b10]. The third type (type III) of reaction sequence is that the LS~2~ phase directly forms in the glasses whereas no LS phase forms[@b11][@b12]. The LS phase has very attractive machinability which enables the utilization of CAD/CAM technology for the fabrication of dental products with complex shapes. Thus glasses with types I and II reaction sequences are preferred for dental applications[@b13]. Glasses of type III are however not very common in the literature, which is probably because that it is technologically not emphasized due to the absence of the intermediate phase.

In our previously study, we examined the phase transformation of a complex LS~2~ glass in the SiO~2~--Li~2~O--CaO--P~2~O~5~--ZrO~2~ glass system using both *in situ* and *ex situ* laboratory-based XRD techniques[@b14]. The glass-ceramics derived from this composition have an optimized flexural strength of 439 ± 93 MPa. The crystallization mechanism was deemed to be the direct precipitation of LS~2~ phase (type III) whereas no LS phase was detected during glass crystallization[@b14]. In this study, we revisited the high-temperature phase transformation of the same LS~2~ glass using synchrotron radiation. A trace amount of LS phase was identified at the initial nucleation stage as well as other intermediate phases during crystallization. The results from this study may shed insight on the understanding of crystallisation in glass-ceramics.

Results
=======

Trace phase formation in the glass
----------------------------------

With the scheduled annealing profile, the *in situ* high-temperature XRD patterns of the complex lithium disilicate glass were acquired and depicted in a two-dimensional pattern in [Figure 1a](#f1){ref-type="fig"} where the intensities are illustrated in color. No diffraction peaks were observed at temperatures below 580°C. There are five crystalline phases identified from the synchrotron diffraction patterns: LS, LS~2~, Li~3~PO~4~ (LP), β-cristobalite (CR), and β-quartz (QZ). The diffraction peaks initiated at 580°C can be assigned to LS and LS~2~ phases. The intensity of LS phase (\~500 counts) is considerably lower than that of LS~2~ phase (\~160,000 counts), as shown in [Figure 1b](#f1){ref-type="fig"}. Such a high intensity ratio of LS~2~ to LS (over 300 times) may explain why the precipitation of LS in this glass was hardly detected by the conventional XRD technique[@b14]. Due to the distortion of the sample, data acquisition of synchrotron powder diffraction of this glass failed at a temperature ≥920°C where melting was accelerated.

Kinetics of glass crystallization
---------------------------------

The crystallographic parameters of LS~2~ and weight fraction of each phase are determined by applying Rietveld refinement using the full patterns. The change in weight fraction of involved phases during the glass crystallization is presented in [Figure 2](#f2){ref-type="fig"}. Both lithium metasilicate and disilicate phases were detected at 580°C, with a limited quantity of 0.09 wt% and 0.08 wt% respectively as determined by quantitative phase analysis. The LS~2~ phase dominated the glass-ceramic during crystallization, which reached a fraction of above 50 wt% at 660°C. The crystallization of LS~2~ reached a maximum of \~63 wt% at \~760°C. In this glass, LS with a maximum amount of \~2 wt% formed and completely disappeared at 700°C.

With the P~2~O~5~ component added as a nucleating agent in the base glass, lithium phosphate (Li~3~PO~4~, LP) nuclei with short range order form in the glass at the early stage, which then trigger the compositional gradients of parent glass and lead to the nucleation of silicate phases[@b7][@b15]. In the current glass, the LP phase was observed at temperatures of 700°C and above. The silica phases including β-cristobalite and β-quartz crystallized when the temperature reached 780 and 820°C, respectively. As indicated in [Figure 2](#f2){ref-type="fig"}, LP, CR and QZ showed a linear increasing trend after their precipitation. The complete crystallization of LP gave a maximum fraction of \~4 wt%, whereas the maximum fraction of CR and QZ was about 2 wt% and less than 1 wt%, respectively.

The evolution of crystallite size of LS~2~ with temperature is shown in [Figure 3](#f3){ref-type="fig"}. The size of LS~2~ crystals was refined to be about 200 nm at 600°C. Very interestingly, the crystallite size of LS~2~ remained in the same level at the temperature range of 600--700°C where the LS phase co-existed with LS~2~. Right after the disappearance of LS at 700°C, the LS~2~ phase showed a gradual crystal growth.

Crystallographic change of LS~2~ in the glass
---------------------------------------------

The evolution of lattice parameters of LS~2~ as a function of temperature is presented in [Figure 4a](#f4){ref-type="fig"}. A complex trend was observed in the lattice parameter *c* of LS~2~. Specifically, it started with a dramatic decrease at 600--700°C, followed by a slight increase until the LS phase disappeared. The inflection point at 660°C was found to hold a precipitation event of an unidentified intermediate phase. After the completion of LS-to-LS~2~ transformation at 700°C, the parameter *c* showed a reversed trend in that it decreased again until 780°C where a silica phase of β-cristobalite precipitated. From 800°C where another silica phase (β-quartz) crystallized, it began to increase instead. Such a complex trend of crystallographic evolution has been interpreted in the previous findings[@b5]. The events at transition points of the evolution trend are highlighted by the selected peaks in [Figure 5](#f5){ref-type="fig"}.

The crystallographic *a* and *b* axes do not have similar trend as in the *c* axis, which was observed previously as well[@b5]. They basically had an increasing trend. As the small amounts of additives (other than SiO~2~, Li~2~O, P~2~O~5~) was not detected to crystallize from the glass matrix, the influence of them on the change of the *c*-axis of LS~2~ is unclear at the time being. The as-measured unit cell volume (*V*) of the LS~2~ phase, which can be calculated by multiplying the parameters, i.e. *V* = *a* × *b* × *c*, shows a near linear increasing trend as a function of temperature ([Figure 4b](#f4){ref-type="fig"}).

Discussion
==========

It is noteworthy that the LS phase in this glass was not detected by the conventional XRD technique, either *in situ* or *ex situ*[@b14]. With the laboratory data, the as-investigated glass herein should be regarded as a glass with type III reaction sequence. Then, it could lead to a "LS-free" nucleation mechanism as the LS phase was blindly neglected due to the shortness of laboratory technique. With the aid of the advanced synchrotron radiation, we managed to track the trace phase formation of LS, from a trace amount as low as 0.08 wt% to the maximum fraction of \~2 wt% ([Figure 2](#f2){ref-type="fig"}), which nucleated simultaneously with LS~2~ at 580°C. Correspondingly, the involved mechanism is revised to be that the crystallization of this glass follows the type I sequence[@b5].

The formation of limited fraction of LS phase has also been reported by Soares Jr *et al*. during the investigation of crystallization of binary Li~2~O-SiO~2~ glasses[@b16]. The LS phase coexisted with LS~2~ up to 120 hours at the glass transition temperature, suggesting the same reaction sequence in the glasses involving the formation of trace LS phase.

From the crystallographic aspect, it has been found that the initial evolution trend of the *c* axis of LS~2~ was opposite in the glasses of type I and III sequences, i.e., decreasing and increasing respectively[@b5][@b6]. Thus, crystallographic interaction within silicates is indicated. The observed mode of crystallographic evolution of LS~2~ in this glass is consistent with that in the glasses of type I sequence[@b5][@b6], rather than those of type III sequence. A slight change in the evolution trend of lattice parameter *a* was observed at 700°C ([Figure 4a](#f4){ref-type="fig"}), which probably indicates the effect of the disappearance of LS phase on this crystallographic axis.

From this study and the recent observations[@b5][@b6], we believe that a common phenomenon of structural response takes place during the crystallization of lithium disilicate glasses. To be specific, the crystallographic change of LS~2~ in *c* axis was largely affected from a normal increasing trend (if no LS precipitated, i.e., the case in type III sequence) to the opposite with the existence of LS phase (i.e., the cases in types I and II sequences). In addition, the silicon-related phase formation will also affect the evolution trend. The reversed trend has also been observed in other glasses[@b5] upon the precipitation of the crystalline phases that share the \[O--Si--O\] source from glass matrix, such as silicates (LS, LS~2~), silica (CR, QZ, etc.) and other Si-related phases. Unsurprisingly, the unidentified intermediate phases also have an effect on such a trend ([Figure 4a](#f4){ref-type="fig"}), indicating that it may be silicon-containing in composition.

The crystallite size of LS~2~ at the temperature range where LS crystallizes remains at the same level of around 200 nm, and then it gradually increases ([Figure 3](#f3){ref-type="fig"}). A similar trend was reported in other lithium disilicate glasses[@b7]. This may imply that the existence of LS in the glass not only affects the crystallographic structure of LS~2~ but also hampers its crystal growth capability.

In summary, the state-of-the-art synchrotron radiation enables the detection of the trace phase formation of Li~2~SiO~3~ in a complex lithium disilicate glass by *in situ* X-ray diffraction investigation. The peaks of Li~2~SiO~3~ in very weak intensity was successfully observed at 580--700°C. The kinetics study indicates that the crystallite size of Li~2~Si~2~O~5~ is hampered by the coexistence of LS phase. The crystallographic evolution of Li~2~Si~2~O~5~ showed a complex trend. Particularly in *c* axis, it demonstrates a phenomenon of structural response to other silicon-related phases, such as Li~2~SiO~3~ and silica phases. This phenomenon has been also observed in other glasses, suggesting the generalization of crystallographic interaction phenomenon during glass crystallization.

Methods
=======

The composition of the complex lithium disilicate glass was reported in our previous paper[@b14]. The main composition of this glass were 63.3SiO~2~, 26.4Li~2~O, 2.6CaO, 1.7P~2~O~5~, 0.9ZrO~2~, 1.3Na~2~O, 1.1K~2~O, 2.7MgO (in mol.%). The glass was melted in a Pt crucible at 1500°C for 3 hrs. The glass samples were mechanically ground to the dimensions of about 5 mm × 5 mm × 0.4 mm. Then they were subjected to synchrotron X-ray diffraction (SXRD) at elevated temperatures on the Powder Diffraction Beamline in the Australian Synchrotron. The energy of the X-ray beam was 11 keV (corresponding wavelength of 1.1273 Å). The detector setup is the same with that described previously[@b5][@b6][@b7]. The monolithic glass samples were heated up in an Anton Paar HTK-2000 furnace with a platinum (Pt) resistance strip heater at a ramp rate of 400 K·min^−1^. There were 22 holding stages within the temperature range of 500--920°C, with an interval of 20°C ([Figure 6](#f6){ref-type="fig"}), for recording the diffraction patterns. At each stage, X-ray was switched on for 4 min to detect the phases at corresponding temperatures. During the in-situ measurements, no external reference materials were used.

After acquiring the data, the structure refinement was conducted with the MAUD software on the basis of the full-pattern analysis using the Rietveld method[@b17]. The data sets acquired at 580--900°C were refined sequentially, where a Delf line broadening model was employed and an iterative least-square procedure by minimizing the residual parameters *R~wp~*, *R~B~* and *R~exp~* was adopted. The crystallite size and the microstrain (root mean square, r.m.s. strain, \<*ε*^2^\>^1/2^) were evaluated using an isotropic size-strain model. Those patterns without the peaks of crystalline phase(s) (i.e., at 500--560°C) and those collected after sample distortion (i.e., at 920°C) were not used for the analyses. During Rietveld analyses, the CIF files ICSD-64980 (Inorganic Crystal Structure Database), ICSD-44095, ICSD-100402, ICSD-280481, and ICSD-79427 were referenced for the profile fitting of β-quartz, β-cristobalite, lithium metasilicate, lithium disilicate, and lithium orthophosphate phase, respectively.
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![(a) *In situ* high-temperature XRD patterns (in color contour) of the complex lithium disilicate glass, (b) the line patterns of partial data to show the peaks of LS phase (directed by arrows) and peaks of other unidentified phase (directed by stars). D: lithium disilicate (LS~2~); M: lithium metasilicate (LS); P: lithium phosphate (LP); C: β-cristobalite (CR); Q: β-quartz (QZ); U: unidentified intermediate phase.](srep09159-f1){#f1}

![Weight fraction of phases in the glass-ceramics as a function of temperature.\
The quantitative results suggest a maximum of \~2 wt% LS precipitated from the glass.](srep09159-f2){#f2}

![The crystallite size of LS~2~ phase as a function of temperature.\
The dotted line shows the silicate phase(s) existed in the corresponding temperature range. The crystal growth of LS~2~ is indicated to be hampered by the existence of LS.](srep09159-f3){#f3}

![(a) The lattice parameters and (b) unit cell volume of the LS~2~ phase as a function of temperature.](srep09159-f4){#f4}

![(a) Main peaks of crystalline phases crystallized in the glass as a function of temperature, (b) peak evolution of (002) plane of lithium disilicate phase, (c) peak evolution of its (130), (040), and (111) planes.](srep09159-f5){#f5}

![Temperature profile of glass annealing for synchrotron measurements.](srep09159-f6){#f6}
